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By m e n e  V. Pawlik and R o b e r t  E. Jones 

SUMMARY 

The performance of swirl.-c;m c ~ ~ b l ~ t n r  elmezts fc,- zz cqer-dsctz l  

Fuel was injected into each element 
short-length turbojet combustor utilizing propane me1 was studied at 
high-altitude operating conditions. 
through tangential sonic orifices that created a swirling f'uel-air mix- 
ture within each element. 
in length and from 1.0 to 3.0 inches in diameter and served as cmbined 

' fuel injectors and flame stabilizers. The individual elements operated 
stably at pressures as low as 6.5 inches of mercury absolute, with a 
reference velocity of 170 feet per second and an inlet air temperature 
of 80' F in a circular duct. 
2-inch-diameter element having an orifice plate blocking about 55 per- 
cent of the inlet azea. 

The elements varied *om 1.0 to 3.0 inches 

Optimum performance was obtained with a 

I 

A quarter-annulus combustor was constructed Kith elements that were 
nearly optimum as determined from single-element studies. 
bustor gave a combustion efficiency of 95 percent at a reference veloc- 
ity of 75 feet per second, a pressure of 14.7 inches of mercury absolute, 
an inlet, temperature of 350' F, and a combustor length of 13.5 inches. 
In general, the blowout pressure of the arrays was found.to be much 
higher than expected by the single-elemeDt stability d a t a .  

This com- 

A previous report (ref. 1) describes a combustor that is short, 
light, and designed to perform satisfactorily over the operating con- 
ditions of advanced turbojets in supersonic flight. This combustor was 
composed of manifolded arrays of swirl-can elements. A swirl-can c m -  
bustor element is a s m a l l .  conical can in which fuel and air are rapidly 
mixed and combustion is initiated. 
elements have the additional advantage of being easily scaled to Larger 
sizes by this modular design approach. 

Combustors composed of swirl-can 

The combustion efficiency of 
a 

Title , Unclassified. * L 
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this combustor was high (95 to 100 percent) at simulated superson'ic test 
conditions, but varied from 85 to 90 percent at subsonic operating con- 
ditions. The temperature profiles were found to be acceptable, and the 
pressure loss was.very low, about one-third that of present-day turbojet 
combustors. One serious drawback, however, is that the most promising 
swirl-can combustor blew out at total pressures below 14 inches of 
mercury absolute and exhibited intermittent blowout at pressures as high 
as 15 inches. The swirl-can elements were not optimized for flame sta- 
bilization with propane f'uel. 
crease combustion efficiency. 

Improved stability would presumably in- 

In order to improve performance at conditions corresponding to 
subsonic flight and to observe the relation between the operation of 
single combustor elements and combustor arrays, a research program was 
undertaken at the Lewis Research Center and is presented herein. In 
this program It was necessary to determine the effects of the inlet 
geometric variables of the individual swirl-can elements and their sta- 
bility with propane f'uel. The effects of fuel-tube location and swirl- 
can size were also determined. The results obtained indicated an opti- 
mum swirl-can size and geometry. Complete quarter-sector arrays of the 
most promising swirl-can types were tested to check the extent that the 
single-element data could be extrapolated. 
total-pressure loss,  and typical temperature profiles are shown for. 
typical combustor arrays. 

Cmbustion efficiency, 

SYMBOLS 

total pressure, in. Hg abs 

combustor-inlet total pressure, in. Hg abs 

canbustor-inlet total temperature, ?F 

reference velocity, ft/sec 

cmbustion parameter 

combustion efficiency 

APPARATUS 

Ins tallat ion 

A schematic diagram of the combustor installation is shown in fig- 
ure 1. This is essentially the same as used in reference 1. The f'uel 
supply system was the same as used in reference 1 and is shown In 
figure 2. 
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The single-element test section as shown in figure 3 consisted of 
3 
16 

a circular duct with an inside diameter of 12- inches. An access door 
was situated such that individual cmbustor elements could be replaced 
through the side of the duct. 
mately in the center ofthe duct. 
rectly to the downstream edge of the swirl can provided ignition. 
distance fram the inlet of the swirl can to the exhaust instrumentation 
plane was approximately 12- inches. 

The combustor element was mounted apprmi- 
A single spark wire discharged di- 

The 

1 
2 

The multielement test section was identical to that used in pre- 
vious research described in reference 1. 

Cabustor Instrumentation 

The single-element combustor instrumentation stations are shown in 
figure 3. 
three static-pressure taps, and a total-pressure rake measured the 
combustor-inlet total temperature, static pressure, and total pressure, 
respectively. At station 2, cmbustor blowout was recorded frogn a 
total-recovery Chrmel-Alumel thermocouple. At station 3, static pres- 
sure was measured at the w a l l  taps, and a combined total-pressure and 
platinum-13-percent-rhodium - platinum aspirating-thermocouple probe 
in a polar-coordinate transversing mechanism (ref. 2) measured combustor- 
outlet total pressures and total temperatures. 
ferentially across the duct at five radial positions. 
recording potentioaeter connected to the survey system recorded outlet 
temperature. 

At station 1, four bare-wire, Chromel-Alumel thermocouples, 

The probe moved circum- 
A two-pen X-Y 

The multielement combustor instmentation is the same as has been 
used previously (ref. 1). 

Cambustor Elements 

The operation of a typical swirl-can combustor element is illus- 
trated schematicaUy in figure 4. 
orifices at sonic velocity tangential to the inner surface and approxi- 
mately normal to the a x i s  of the can. 
fie1 caused the f’uel to spiral downstream along the walls of the can 
and mix rapidly with the air admitted through the inlet. 
fices are included in each can for ease in manifolding the cans to- 
gether and for  an improved fie1 distribution. 
size of the swirl cans were varied as listed in tables I and II. 

Fuel was injected from two simple 

The tangential velocity of the 

Two fie1 ori- 

The inlet geometry and 
I 
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Combustor Arrays 

Modell. - This combustor consisted of an array of seven 3-inch- 
diameter elements arranged in two rows as shown in figures 5 and 6. 
Separate f’uel-flow control was available for each row of elements as a 
means of controlling the temperature profile. 
fices were tested on this model. 
lz-inch-diameter hole, while model lb had inlet orifices with a 1--inch- 

diameter hole. 
respectively. 

Two different inlet ori- 
Model la had.inlet orifices with a 

1 1 
4 

The inlets are listed in table I1 as inlets E2 and El, 

Model 2. - This cambustor was an array of 15 2-inch-diameter ele- 
ments arranged in three rows as shown in figures 7 and 8. 
ferent inlet orifices were tested on this model. 
inch-diameter hole in the inlet orifice; model 2b had a 1-inch-diameter 
hole in the inlet; and model 2c had swirling-plate inlets (A9 of table 
I). This combustor also had separate fuel-flow control for each row of 
elements to adjust the temperature profile. 

Three dif- 
Model 2a had a 3/4- 

A l l  the inlets wed on models 1 and 2 are described in tabie 111. 

PROCEDURE 

Blowout Determination 

The performance of the swirl-can elements was investigated over a 
range of fie1 flows at an inlet temperature of 80° F and an airflow of 
2.2 pounds per second. 
and velocity were varied. By t h i s  means, velocities up to 170 feet per 
second could be obtained as the pressure was gradually decreased to 6.5 
inches of mercury absolute at blowout. A thermocouple mounted directly 
in the wake of the swirl can was used to indicate blowout. Blowout 
limits are reported in terms of the severity factor at blowout 
(Vbo/PboTi). Parameters of the type P ~ - ~ T / v  (ref. 3) or V/FT (ref. 4 )  

have been used by other investigators to establish approximate criteria 
for combustor blowout. 

The airflow was held constant while the pressure 

Quarter-Sector Combustor Operating Conditions 

The performance of the swirl-can combustor arlays was investigated 
over a range of fbel-air ratios at the following inlet air conditions: 
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Total 
pressure, 
%,in, 
in. Hg 

Airflow rate 
for quarter 
sector, 
lb/sec 

0.897 

1.256 

20 .0  1.795 

Tt , in, 

-- 
13. ~ 0 ' ~  
10.9 

9.36 
8.92 
6.55 

%sed on combustor max. cross-sectional area of 0.73 sq ft (quarter 
sector) and combustor-inlet air density. 

Combustion Efficiency 

Combustion efficiency was not calculated for the individual combus- 
tor elements since it would be difficult to obtain any degree of accuracy 
in view of the mass-weighting problem involved. Canbustion efficiency 
for the arrays was calculated as the percentage ratio of actual to 
theoretical increase in enthalpy from the combustor-inlet instrumenta- 
tion plane to the combustor-outlet traversing plane. 
Btu per pound was used for the lower heat of combustion of propane. 

A value of 19,930 

A summary of the combustion performance characteristics of the 
different combustor elements investigated with propane fuel is presented 
in table I. 
the purpose of the modifications are noted in the table. The perform- 
ance of each element is reported in table I in terms of. (1) blowout 
severity factor (Vbo/PwTi), (2) minimum blowout pressure in inches of 
mercury absolute, (3) fuel flow at minimum blowout in pounds per hour, 
and (4) comments on the operation of the elements based on visual 
observation. 

A brief description of the design modifications made and 

Canbustar Blowout 

Stable operation was obtained with a simple conical-shell element 
(model AO) only at relatively high pressure. 
creased, the stability defined by the blowout severity limit (vbo/PboTi) 
generally increased. 

A s  inlet blockage was in- 

Thus, models Al, A2, and A 3  had a high percentage 

I 
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of  i n l e t  >lockage. 
small streams t o  create a high turbulence leve l  within the  elements. 
Since good results w e r e  obtained a t  low me1 flows, the  inlet was stream- 
l i ned  (model A 4 )  t o  improve the presswe-drop character is t ics  of the 
elements. 
A5, A6, andA7) w e r e  investigated t o  extend the s t a b i l i t y  l i m i t  a t  
higher f’uel flows. Improved operation a t  higher fuel flows was obtained 
by increasing the turbulence level within the  element by an inlet that 
imparted a swirling motion t o  the  incaning airstream (models A8 and A9), 
but  the s t a b i l i t y  a t  the low fuel flows was no longer sat isfactory.  
M o d e l  A9 represents a unique design since the  s t a b i l i t y  improved con- 
siderably with increasing f’uel flow. 
such a s  truncated cones, nozzles, and or i f ices  w e r e  t es ted  (models AlO, 
A l l ,  A12, and Al3) t o  f ind an i n l e t  not as sensi t ive t o  fuel-flow vari-  
a t ions.  
t o  be mildly sensit ive t o  fuel flows over the range tested. The ef fec t  
of the inlet diameter of t h i s  configuration was observed i n  order t o  
optimize the s t a b i l i t y  characterist ics.  These results are shown i n  
figure 9 as blowout pressure plotted against percent blocked i n l e t  area 
f o r  various fuel flows. Lowest blowout pressures and greatest  insensi- 
t i v i t y  t o  fuel-air  r a t i o  were obtained by using an o r i f i ce  p l a t e  inlet 
with a blockage of 55 percent. 
against  blowout pressure i n  inches of  mercury absolute f o r  the best  
elements and several contrasting poorer ones i s  shown i n  figure 10. 

The inlet a i r  w a s  broken up i n t o  a large number of 

Decreased blockage and a variation i n  inlet geometry ( m o d e l s  

Simpler geometric configurations 

ModelA13, which consisted of a simple i n l e t  o r i f ice ,  proved 

Fuel flow i n  pounds per hour plot ted 

Since the best  s t a b i l i t y  performake was obtained with an inlet  
area blockage of 55 percent, element sizes from e t o  3 inches i n  d i a -  

eter containing simple inlet or i f ices  were tes ted  t o  determine i f  the 
optimum r a t i o  generally applied t o  al l  element s izes .  The blowout per- 
formance of each element i s  reported i n  table  11. Generally, element 
s t a b i l i t y  increased with increasing element diameter. In addition, it 
was determined that t h e  axial location of the fuel injector  had l i t t l e  
influence on combustion s t a b i l i t y  over the range of posit ions investi-  
gated. When the injector  was located near the downstream end of the 
element, however, the  fuel holes w e r e  d r i l l e d  a t  an angle of 40° up- 
stream of the normal t o  increase the residence time of the  fue l  i n  the 
element. 

2 

Outlet Temperature Distribution 

A typical  temperature prof i le  of a combustor element (model A 1 7 )  i s  
shown i n  figure ll. This prof i le  was obtained from the  temperature sur- 
vey probe located about 1 2  inches from the  element as shown in  figure 3. 
The f i e1  flow is 10.66 pounds per hour at  a reference velocity of 108.8 
feet per second, a reference pressure of 10.3 inches of mercury abso- 
lu t e ,  and an inlet temperature of 80° F. 
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Performance of Multielement Cmbustors 

Multielement combustors (figs. 6 and 8 )  consisting of 7 and 15 
elements were constructed with two and three rows of cans, respectively. 
These cambustors were mounted in a quarter sector of an annular housing 
and tested w i t h  various inlets. Bch element had its own fie1 injector 
supplied from a camon manifold. A summazy of the results obtained in 
the investigation ofmultielement combustors is presented in table IV. 

Brief tests were conducted with these combustors to demonstrate the 
feasibility of the multielement array. 
determined with propane (figs. 12 and l3) at a reference velocity of 75 
feet per second, an inlet total pressure of 10 to 20 inches of mercury 
absolute, and an inlet total temperature of 350° F. 
14.7 inches of mercury absolute, the canbustion efficiency of the best 
combustor, model 2a, varied f r o m  85 to 95 percent. 

Cmbustion efficiencies were 

At a pressure of 

Figure 14 shows sane typical combustor-outlet average radialtem- 
perature profiles for a U  the test combustors. 
demonstrates the control afforded when the fuel flow to the individual 
rows of canbustion elements can be adjusted. 

The profile for model 2c 

Figure 15 shows the total-pressure loss i n  percent of inlet total 
pressure for both models. 
the pressure varied between 1.3 and 2.6 percent for both combustors. 

At total-temperature ratios from 1.6 to 2.8, 

DISCUSSION 

Single Combustor Element Tests 

Of the several geometric variables investigated, the amount of 
blockage at the cambustor element inlet had the largest effect on ele- 
ment stability- 
fice having an inlet area blockage of 55 percent (inlet A X ,  table I) 
as shown in figure 9. 
the f’uel-flow rate. 
high performance obtained and for simplicity in construction. 
in table 11, the small elements (9 to 1~ in. in dim. ) generally had 

higher blowout pressures than did the larger elements (2 to 3 in. in 
diam. ) . 
work in that better temperature profiles can be obtained in a shor t  
length with many small heat somces than with a few large sources. The 
2-inch-diameter elements represent a compromise between combustion sta- 
bility and temperature profile. 

Best results were obtained with a 1-inch-diameter ori- 

Optimum performance was virtually independent of 

As shown 
The orifice plate inlet was selected both for the 

1 3 

However, small-diameter elements are preferable for combustor 

I 

I 



The ef fec t  of the fuel-tube location w a s  b r ie f ly  studied. Very 
l i t t l e  effect on t h e  minimum blowout pressure was noted when the f'uel- * 

tube location was kept near the midpoint of the can axis. 
the fuel tube was too near the can inlet or  exit, the minimum blowout 
pressure would be increased. 

However, i f  

The out le t  temperature distribution of can A17 is  shown i n  figure 
I 11 as measured 1% inches downstream of the can exi t .  

be considered typical  of all swirl cans. 

constant, 1% inches i n  t h i s  case, a smaller but more uniform profi le  

results f ' rom smaller combustor elements. Thus, the use of many small 
elements offers  the possibil i ty of very short combustors with acceptable 
gas temperature profiles.  The use of fewer but larger elements would 
probably require a longer combustor t o  achieve a similarly uniform tem-  
perature prof i le .  

This prof i le  may 

If the mixing length i s  held 
1 

Combustor Arrays 

The combustion s t ab i l i t y  of models l a  and l b  (fig.  12 )  was con- - 
siderably less than expected from the single element studies. 
mittent blowout occurred frequently though the cans would generally re- 
l i g h t  i n  a few seconds. 

Inter-  

The inlet o r i f i ce  diameter of these elements . 
I was reduced t o  1~ inches (model l b )  i n  an attempt t o  improve the e l a e n t  

s tabi l i ty ,  but with l i t t l e  success. Besides, average radial temperature 
profiles for  models la and l b  as shown i n  figure 14 were too unaccept- 
able t o  m e r i t  further work on th i s  combustor. 

The performance of model 2 (f ig.  13) was somewhat improved over 
that of model 1. 
low pressures, 14 inches of mercury absolute and below. 
i n l e t  or i f ice  diameter from 3/4 inch ( m o d e l  2a) t o  1 inch ( m o d e l  Zb), 
the  optimum diameter as determined by individual element studies, in- 
creased the intermittent blowout tendency. Model 2b was so sensit ive 
t o  pressure that only one datum point could be obtained at a pressure 
of 14.7 inches of mercury absolute. 

However, intermittent blowout was s t i l l  prevalent a t  
Increasing the 

In view of the poor operational characterist ics of t h i s  combustor 
This in- with orifice-type in le t s ,  another i n l e t  type (A9) was t r ied .  

l e t  also gave good resul ts  on single combustor elements (fig.  10) but 
did not improve the operation of the combustor (model 2c, f ig .  W) .  
a pressure o f  20 inches of mercury absolute, the combustor would not 
operate below a fuel-air  r a t i o  of 0.0135. 
persisted until a fuel-air  ra t io  of approximately 0.015 was reached. 

A t  

Also, intermittent blowout 
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A t  a pressure of 14.7 inches o f  mercury absolute, model Z a  showed 
a s l igh t  gain i n  combustion efficiency over model1 of reference 1. 
This gain i n  efficiency was about 4 percent a t  a f’uel-air r a t io  of 0.016. 
Lower pressure performance was also considerably improved as m o d e l  2a 
operated stably t o  pressures as low as 10 inches of mercury absolute. 

The average radial temperature profiles for  models l a  and l b  were 

Circumferential profiles a lso 
unsatisfactory and could not be improved very much by proportioning the 
fuel flow between the two rows of cans. 
exhibited gradients too steep t o  be acceptable. 
perature prof’iles for models 2a and 2b were also unacceptable. 
proportioning of the fuel flow between the three rows of cans was very 
effective i n  controlling the  profile, and such a controlled profile is 
shown f o r  nodel 2c (fig. 14). Because smaller combustor elements were 
used i n  model 2, circumferential temperature profiles exhibited fewer 
and less sharp temperature gradients and were considered tolerable. 

The average radial tem-  
However, 

The total-pressure loss of models 1 and 2 was approximately 2 per- 
cent of the in le t  t o t a l  pressure, which i s  roughly one-half that of 
present-day cambustors. 

SUMMARYOFREsuLm 

The following results were obtained i n  an investigation of in- 
dividual swirl-can combustor elements with propane fuel: 

1. Stable combustion w a s  obtained at  a reference velocity as high 
as 1 7 0  feet  per second, a pressure of 6.5 inches of mercury absolute, 
and an in l e t  temperature of 80’ F. 

2. Stabil i ty was strongly affected by the geometry of the element 
A simple orifice plate mounted on a 2-inch-diameter conical i n l e t .  

element with an optimum inlet blockage of 55 percent was among the most 
stable. 

3. Reducing element size below 2 inches i n  diameter reduced sta- 
b i l i t y .  
satisfactory performance results down t o  7 inches of mercury absolute, 

Element sizes From 2 t o  3 incbes i n  diameter were found t o  give 

r- ,*--~-+-* TherfoUowing results were obtained in an investigation of two 
‘pCX.fi~cah combustors consisting of 2- and 3-inch-diameter elements i n  a 

quarter-sector duct: 

1. The s tabi l i ty  of the  arrays was markedly inferior t o  that pre- 
dicted f i o m  results of the single-element studies. 
often Occurred at  pressure as high as 2 0  inches of mercury absolute and 
velocities as l o w  as 75 feet  per second. 

Combustor blowout 
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2. With the 2-inch-diameter element having a 3/4-inch-diameter in- 
let orifice, combustion efficiencies near 95 percent were attained at a 
reference velocity of 75 feet per second, a pressure of 14.7 inches of 
mercury absolute, an inlet temperature of 350° F, and a combustor length 
of 13.5 inches. An individual element of this type operated stably to 
velocities as high as 130 feet per second at the same air pressure and 
an inlet air temperature of SOOF. 

- 

3. Temperature profiles for the combustor consisting of W 2-inch- 
diameter elements were adjusted by proportioning the flow to each r o w  
of elements and were considered acceptable. 

T 
ro 
P 
I+ 

4. Total-pressure loss in percent of inlet total pressure varied 
approximately from 1.3 to 2.6 percent as total-temperature ratios 
varied *om 1.6 to 2.8 for both combustors at inlet total pressures 
from 10 to 20 inches of mercury absolute, a reference velocity of 75 
feet per second, and an inlet air temperature of 350’ F. 

CONCLUDING RBNFZS 

- Multielement swirl-can combustors can be made to maintain combus- 
tion at low total pressure and temperatures, coeesponding to high- 
altitude subsonic flight, but with reduced combustion efficiency. Sta- 
bility demonstrated by individual swirl cans could not be achieved with 
a combustor array of identical swirl cans. 

- 

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, February 26, 1959 
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TABLE I. - SUMMARY OF DATA FOR INDIVIDUAL COMBUSTOR 2-INCH ELEMENTS WITH PROPANE FUEL 

L 

Purpae  of 
a o d l r l c a t l m  

l l n l u m  
, l W R l t  
rssuTr. 
I. Hg ab8 

D e s c r l p t l m  and 
s k e t c h  of 

Conr lgI re t lon  

el f l a  C-ta on 
cC&mstOT 
element 

I n l e t  d e s c r l p t l o n  

rl3lnal mlrl 
an 

12.2 

34.5 

36.1 

14.7 

5.9 

6 . 9  

talc crmlcal shell No l n l e t  

Senlspher lca l  l n l e t ;  
20 3/32*-dlm. holes ;  
16 1/8'-dlan. holes; 

d r i l l e d  hole r-. -a, 0.334 

i1ntream 
 lae eked and 
iroken l n t o  
Imall strezmd 
.o lncreare  
It8b111 t y  

S a m  a s  10 IC+# rue1 r 1 a .  
s c n a l t l v e  t o  h e 1  

airstream 

Same aa A 0  S t a b l l l t y  ralr a t  
lw  fuel flw. 
snu1t1re t o  fuel 

S t a b l l l t j  good at 
lw fuel flw. 
arns1tl.c t o  fuel 

Cone i n l e t  holes 
d r l l l e d  a t  rlght 
ans les ;  39 3/32"- 

dlam. holes; 
d r l l l e d  hole 
area. 0.269 

j ec ted  hole 
area. 0.108 

nfrerent 
W u I o d  or 
imaI1-stream 
.n t roduct lm 
.rlcd t o  
. l l a l n a t e  
bel-rla 
lrrmltlvity 

ea in.  

P l a t - p l a t e  i n l e t ;  

l n l e t  a rea ,  0.417 
34 l/B'-dlu. holes; 

S6.0 5.8 Sane as u) 

Same as A0 Sealapher lca l  lnlet; 
28 3/32"-dlam. holes  
d r l l l e d  hole  area, 

0.193 aq In. 

p a r a l l e l  t o  
holes  drlllei . alratream 

\1 t e m a  t e 
=:hod of ala]:  
itreuu ln t ro-  
luctlon a l te re l  
:o eliminate 
hel-rla 
S n u l t l v l t l .  
' m s l b l e  lw- 
aresaure-drop 
:hame terlst 1 el 
mtlc lpa ted  

11.7 

6.5 

7.7 

16.0 

24.4 

32.2 

saw a s  A 0  P l a t - p l a t e  I n l e t ;  

0 aq i n .  

000 9 1/4"-dlU. 
0 0 0 holes; i n l e t  
000 area ,  0.442 

;eu 8 C v e l . e  

lintream 
n-eakup mere 
med In d e r  
to lmprwe 
I t a L l l l t J  

RmodS O f  

I 

Same aa A 0  P l a t - d a t e  s l o t t e d  S t a b l l l t y  SOOd at 
hl&h f u e l  florl. 
s e n 8 l t l v e  t o  Ne1 

3 1/4"-rlde s l o t a ;  
i n l e t  a r e a ,  0.85 sq 
in. 

i 
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TABLE I. - Concluded- SUMMARY OF DATA FOR INDIVIDUAL COMBUSTOR 2-INCH ELEMENTS WITH PROPANE FUEL 

I n l e t  desc r ip t ion  Furpose or 
modif icat ion 

WOUt 
v e r i t y  
.Ctor. 
.lo5 
32.2 

llnlmum 
blowout 
' resaure,  
n. Hg abs 

Jel f l w  
t minlrnua 
b l w o u t .  
l b / h r  

Cements on 
combustor 

P l en rn t  
ope ra t l  on 

e m r i p t i o n  and 

c c m f l y a t i ~  
sketch Of 

Pla t -p l a t e  inlet  *ame a s  f o r  AS 6.0 10 S t a b l l l t y  good a t  
LOX rue1 riows. 
extremely a e n s l t l w  
to fuel  r i a  

I n l e t  area,  0.45 
a5 I". 

irirllng 
lethod of air- 
itream mixing 
nves t lqa t ed ;  
.he d i r e c t i o n  
w a r t e d  t o  t h e  
iir s w i r l  la 
ippoalte t o  the  
l i r e c t i m  or 
'uel s w i r l  

19.6 

- 

EO.0 

- 
21.0 

__ 
17.0 

0.7  10 3 t a b l l l t y  f a i r  a t  
LW rue1 n ~ s ,  
r a i r l y  a e n a i t l v r  
to f u e l  flow 

Same as A 0  Swirl-type i n l e t ,  

I n l e t  area, 0.45 
aq in. 

tr 
I 
n 
I- 
If 

--.. 

20 Swirl-type i n l e t  
Same as A8 l n l c t  

inme a s  AB. 
txcept t h e  
l1rcct:cn CT 
'he1 s w i r l  is 
,he same a i  
.hat  of tne a i r  

6.1 j t a b l l l t y  good a t  
i i g h  f u e l  f lows ,  
iul  t o o  sena l r lve  
tu fuel f l O * Y  

Same as A 0  

9 .5  20 S t a b l l l t y  poor, 
lecreasea as f u e l  
ria* i nc reases  

Truncated-cone 
i n l e t  

iln@e a l r -  
Itream approach 
med t o  improve 
1 tab11 1 t y 

Ssae an M 

. Inlet mea, 0.442 
sq i n .  

Same as A 0  b n c a t e d - c o n e  
I n l e t  

10.3 10 S t a b l l l t y  poor 

.{DB,~- 
I n l e t  w e a .  0.307 
sq i n .  

Nozzle I n l e t  same as A 1 0  33.5 7 . 5  10 S t a b l l l t y  rair a t  
low Cut1 f l o w .  
f a i r l y  s e n a l t l v e  
t o  rue1 f l a  

I n l e t  area, 0.594 
sq i n .  

3- as A 1 0  66.2 

- 

6 .5  15.5 S t a b l l l t y  good, 
mildly a e n s i t i v e  
t o  Cue1 f l m  over 
range t e s t ed  

Or i f i ce  i n l e t  

I n l e t  area,  0.786 
sq i n .  

Orifice i n l e t s  
I.D. varied frw 

varied f r w  
0.196 t o  
1.228 sq 11 

See f lg .  9 Ef fec t  or 
Inner  d l m t e r  
on an opera- 
tion s tud ied  
t o  de t e rn lne  
optimum s i z e  

Same as A 0  
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TABLE 11. - SUhMARY OF DATA FOR INDIVIDUAL 

i 

a 

! 

Model 

El 
B2 
B3 

c1 
c2 
c3 

D1 

D2 

D3 

El 

E2 

E3 

Slement 
size 

-- 1-5 

1.75 

2 05 

3.0 

k i f i c e  
diam- 
eter 
size ,  
in. 

Blowout 
severity 
factor, 
~105 

1 6 - 6  
21.2 
47.8 

37.3 
42.8 
51.9 

40.0 

39.1 

82 .O 

65.4 

74 -2 

67.4 

bfinhlrn 
blowout 
pressure, 
in. Hg abs 

12.9 
ll.4 
7.6 

8.6 
8.1 
7.3 

8.3 

8.4 

5.8 

6.6 

6.2 

6.5 

~ 

Fuel 
P l o w  a t  
ninfrmrm 
blowout, 
lb/hr 

5 .O 
6 .5 
10.0 

6.0 
5 .O 
6.0 

10.0 

10.0 

13.0 

10.0 

10.0 

15.0 

I 
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s- 1 

Model Element 
number size, 

in. 

la 3 

lb  3 

2a 2 

2b 2 

2c 2 

L 

Number Inlet  
of 

elements 
1 

1 

7 l.-in.-diam, orifice 

7 l . - i n  .- dim. orif ice 

15 3/Pin.-diam. arifice 

15 l-in.-diam. orifice 

15 Swirlers same as on 
model A9 

TABLE 111. - ARRAY MODELS AND ~~ DESCRIPTION 

ls 
I- 
IP 
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A I 

m v w w  
l d  R k  0 

V 

t-P-NCU 

r r ) n w w  
P-C-P-cp-  

. .... t- 

d 
P- 

9 
Lo 
r- 

9999 9 
2 d dr(dSI 

O O d d  
9 
d 

r( 
h 
0 

W 
+, 

a 

d W  m 
mu) m .. I- " . 1  
I-m C- 

d * m  
IC C - r -  

m m  m m  
m C -  

N O  

5: 
n 

9 
0 
4 

9 
0 
N 

I 

I 

I 
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I 

! 

Station 1 h 

Section A-A 

(Combustor-inlet total-pressure 
tubes, thermocouples, static- 
pressure tubes) 

0 

Section B-B 

(Cabustor-outlet thermocouples) 

8 Total-pressure tube 
0 Thermocouple 

0 Static-pressure tube 

_--- 

Section C-c 

(Combustor-outlet static-pressure 
tubes, thermocouple, and total- 
pressme tube on sveeping probe) 

F i w e  3. - Combustor element installation shoving location of temperature and pressure 
measuring instrunants in instruantation planes. 

! 
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i 

A i r f l o w  

! 

Fuel 

Figure 4. - Operetion of typical swirl-can combustor element (model A13). _- - _-- - 



20 

. 

. 

f 
11.50 Rad 

f 
6.00 Red 

1 
16 
- 
1 

-. t 
10.75 Rad. 

-f 
j . 3 8  Rad. 

T 
I I’ 

Figure 5. - Cross section of model La mounted in one-quarter-sector annular housing. 
(All dimensions in inches.) 
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11 

/ ( I  i Rad. 

5.5 

r 
I- 
d 

-?- 
10.75 Rad. 

A 

-G 
11.2 

1 1  

2 4  

t 

Figure 7.  - moss section of model Za mounted in one-quarter-sector annular housing. 
(All dimensions in inches.) 
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Total 
temperature, 

OF 

Figure 11. - Typical temperature distribution 1% 1 inches damstream of single 

swirl-can combustor (A17). 
absolute; Inlet temperature, SOo F; velocity, 110 feet  per second; fuel 
flow, 10.7 pounds per hour. 

Combustor-inlet pressure, 10.3 inches of mercury 





m 

I 

o n  

E 0 

a, . 

a3 
N 
0 

W 
(u 
0 

d 
N 
0 

N 
N O  
O d  
.Y 

cd 
k 
k 
d 
d 
I 
d 

09, 
N 3  
O h  

(0 
I4 
0 

a 
I4 
0 

dc 
l-i 
0 

. 









29 
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1 I I 1 I I I 1 I I 

0 
0 

A 
b 

0 

Model Average M e t  t o t a l  
temperature, pressure, 

in. Hg abs 

14.0 It op 

la 1483 
Ib 1328 14.0 
2a 1422 14.7 
2b 1536 20.0 
2C 1537 14.7 

k.4 
0 

Radius, in. 

Figure 14. - Cumparison of  canbustor-outlet temperature profiles. 
M e t  temperature, 350' F; reference velocity, 75 feet per 
second. 
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i 

0 4 3  

m !3 
rn 
P) 
k 

l i  

0 
€4 

? 
d 2  

1 
b 2c (swirling 
p} plate) 

0; 
1.4 1.8 2.2 2.6 3. 

Total-temperature ratio 

Figure 15. - Total-pressure loss for models 1 and 2. 
temperature, S O o  F; reference velocity, 75 feet per second. 

Inlet air 




